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INTRODUCTION.
The world is facing serious challenges due to the limited supply of energy and to the global climate change caused by burning fossil fuels. It is widely known that the outstanding technical development experienced by humanity through the employment of non-renewable energy sources has induced an undeniable negative impact on the natural environment. In fact, the use of traditional fossil fuels causes the generation of gases (CO2, CH4, SO2, NOx…) likely to aggravate certain pollution problems, such as the greenhouse effect and the acid rain. This situation could worsen during the next decades by the sharply growing global energy demand: it has been estimated that global energy consumption will reach almost 27 TW by 2050, while nowadays it is close to 15 TW. The combination of these two factors has motivated the search for new energy sources to minimize the emissions of such pollutant gases and/or economical methods for their recycling (mainly in the case of CO2) [1] .
In this context, artificial photosynthesis -the capture, conversion and storage of solar energy in chemical bonds-stands as a central research subject in the field of renewable energy because it is a very attractive approach to solve the current energy challenges. This is due to its great potential to convert photon energy from sunlight into chemical energy with a minimal environmental impact, as in the case of natural photosynthesis [2] . In fact, nowadays one of the most promising technologies for the production of hydrogen from renewable energy sources is photoelectrochemical (PEC) solar water splitting on semiconductor electrodes because it is a sustainable, carbon neutral and cost-effective process to produce solar fuels [3] [4] [5] . The concept of water splitting concept into oxygen and hydrogen was first demonstrated by Fujishima and Honda in 1972 using a TiO2 photoanode under ultraviolet light irradiation and a dark platinum cathode [6] . Due to the slow kinetics associated with multi-electron and multi-proton transfers (PEC water splitting has approximately three orders of magnitude lower rate than the hydrogen evolution reaction in conventional water electrolysis [7] ), water oxidation is particularly demanding and requires high overpotentials. Therefore, many efforts have been made to develop efficient and practical photoanode systems that can oxidize water to O2 in a stable manner as this is a critical point for the successful construction of high performance and commercially viable PEC cells [3] [4] [5] . 4 For enhanced water splitting, an ideal photoelectrode should have a narrow bandgap, high quantum efficiency in the range of visible light, good photochemical stability and photocatalytic activity, and it should be made from earth-abundant elements [3] [4] [5] . This is why some inexpensive semiconductor metal oxides have been the primary choice of photoelectrodes for PEC water oxidation during the past few decades. In particular, attention has been focused on TiO2 (Eg = 3.2 eV, for anatase phase) [8, 9] , Fe2O3 (Eg = 2.2 eV) [10] [11] [12] and WO3 (Eg = 2.7 eV) [13, 14] as to utilize at least part of the solar spectrum.
However, it seems that none of these binary oxides fulfill all the requirements needed for achieving efficient devices for artificial photosynthesis. Therefore, in the last years, several ternary semiconductor photoelectrodes capable of oxidizing water, generating molecular oxygen, have also attracted a great deal of interest. These include some titanates (SrTiO3 [15, 16] , PbTiO3 [17] , and BaTiO3 [18] ) and tantalates (KTaO3 [19, 20] , LiTaO3 [19, 20] and NaTaO3 [19, 21] ) from the perovskite (ABO3) family, and certain vanadates (InVO4 [22, 23] , BiVO4 [24] [25] [26] and FeVO4 [27, 28] ) and wolframates (mainly CuWO4 [29] ), with general formula ABO4. Most of them are characterized by their visible light activity, stability in aqueous electrolytes and low cost. However, the actual conversion efficiencies for both binary and ternary semiconductor metal oxides have been shown to be much lower than their theoretical limits, most likely due to fast charge recombination resulting from poor carrier mobility or slow interfacial charge transfer [30] .
Among these semiconductor candidate materials for photosynthetic electrodes, bismuth vanadate (BiVO4), which is an n-type semiconductor, has been identified as one of the most promising photoanode materials since the publication of the first report on its use as a photocatalyst in 1998 [24] . BiVO4 is a lowtoxicity material with a good chemical/photochemical stability composed of relatively inexpensive elements. Its bandgap is of 2.4 eV (for the monoclinic variety); however, a wide range of values has been reported depending on the considered crystalline phase. Its valence band edge is located at approximately 2.4 V (vs. RHE), providing sufficient overpotential for the photogenerated holes to oxidize water, while the conduction band edge is located just close to the level of the H2O/H2 couple (0.05 V vs. RHE). Although its bandgap is slightly wider than desired for a photoelectrode, the very negative conduction band edge potential compensates for this disadvantage, as not many n-type semiconductors absorbing visible light have a conduction band edge potential that is as negative as that of BiVO4 [24] [25] [26] . In addition, the 5 effective masses of electrons and holes in BiVO4 are predicted to be much lower than those of other semiconductors (e.g. TiO2 or In2O3) [31, 32] . All these facts allow this compound to have a theoretical solar-to-hydrogen (STH) conversion efficiency close to 9.2%. Nevertheless, the typical STH conversion efficiencies of unmodified BiVO4 photoanodes are disappointingly low (lower than 1%) as they suffer from excessive electron-hole recombination and poor photogenerated carrier transport properties [7] . The slow water oxidation kinetics, due to the high kinetic barrier for water oxidation reaction, is another important limitation for the use of BiVO4 in photoelectrochemistry [26] .
Recently, many attempts have been made to address one or more of these issues to further improve the efficiency of BiVO4. These include (i) controlling morphologies (film thickness, particle size/shape and porosity) [33] [34] [35] , (ii) forming composite structures or heterojunctions [36, 37] and especially (iii) doping (or alloying) [7, 25, [38] [39] [40] [41] [42] [43] [44] and (iv) coupling with an oxygen evolution catalyst (OEC) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . In this way, doping strategies have been employed in an attempt to overcome the relatively slow electron transport in BiVO4. In fact, the incorporation into BiVO4 of donor-type dopants such as Ag [25] , Cr [7] , W [38, 39] , Mo [40, 41] , Si [42] , Ti [56] , Nb [56] , Zn [56] , Sn [56] or Pd [57] , and certain lanthanide cations such as Eu [58] and Dy [59] has been found to enhance the PEC performance of the semiconductor, strengthening its n-type characteristics by supplying additional conduction band free electrons and enhancing electric conductivity. Doping also improves carrier separation by creating a space charge region in the solid part of the semiconductor-electrolyte interface. Nevertheless, the slow charge transfer to solution likely remains the performance bottleneck, mainly for driving complex reactions such as water oxidation [26] . Therefore, BiVO4 still requires a catalyst to attain reasonable rates for the transfer of photogenerated holes to solution. In fact, OECs bring a dramatic improvement in the performance of the photoelectrodes by favoring the separation of electrons and holes and reducing the kinetic barrier for PEC water oxidation. However, only a limited number of electrocatalysts are effective for BiVO4 in PEC water oxidation, including "cobalt phosphate" (Co-Pi) [45] , Co3O4 [46] , RhO2 [41] , IrOx [47] , "nickel borate" (NiBi) [48] , "cobalt carbonate" (Co-Bi) [49] and FeOOH [50, 51] .
The present study shows a facile preparation of efficient BiVO4 thin film electrodes coated on FTO and based on a modified metal-organic precursor decomposition (MOD) method followed by a heat treatment previously described in the literature. In an effort to improve the photocatalytic properties of 6 BiVO4 in PEC water oxidation, these electrodes were modified in two different but complementary ways: (i) by doping with metallic species (La and Ce) and (ii) by surface modification with Au nanoparticles. Surface modification of semiconductors (especially TiO2) [52] with Au nanoparticles has received attention because, besides acting as co-catalysts for charge transfer processes, these nanoparticles can also induce photoactivity in the range of visible/near infrared light, ascribed to a surface plasmon photoexcitation phenomenon. In this work, both doped and pristine BiVO4 have been modified with gold nanoparticles in order to improve the photoelectrochemical performance of this material [53, 54] .
EXPERIMENTAL SECTION.
2.1. Preparation of pristine BiVO4 electrodes. BiVO4 films were prepared by layer-by-layer coating over conducting glass substrates through a modified MOD method, followed by a thermal treatment [25] . electrodes were annealed at 500ºC for 30 min. The annealing process was performed in air using a programmable furnace (Conatec, 7800), with a heating rate of 5ºC·min -1 . This procedure was repeated six times as to determine the optimized film thickness (see Fig. S1 ). were conducted in a home-built Pyrex glass cell with a fused silica window and a computer-controlled potentiostat-galvanostat (Autolab, PGSTAT30). A Pt wire and an Ag/AgCl/KCl (3 M) electrode were used as the counter and reference electrodes, respectively. An N2-purged 0.5 M Na2SO4 (Merck, 99%) aqueous solution (pH = 5.44) was used as a working electrolyte for the electrochemical measurements because the stability of the BiVO4 films in Na2SO4 (aqueous solution) was good compared to that in other solutions.
Preparation of doped
Photoelectrochemical measurements were also performed using a KH2PO4/NaOH buffer solution at pH = 5.80.
The light source was a Xe(Hg) ozone-free lamp (1000 W, Newport Instruments, 66921) equipped with a water filter to minimize the infrared contribution of the beam, and all the PEC measurements were carried out by irradiating the prepared electrodes through the electrode/electrolyte interface (EE illumination). The photon flux intensity was measured by a photodiode power meter (Thorlabs, PM100D), and the typical value was approximately 0.9 W·cm -2 . For the measurements of incident photon to current conversion efficiency (IPCE) at each wavelength, an ozone-free 300 W Xe arc lamp (Thermo Oriel) was used as a light source, and the wavelength was selected with a monochromator (Oriel Instruments 74100).
The crystalline phase of the prepared BiVO4 films was determined by XRD analysis. A Bruker, D8-Advance X-ray diffractometer operating at room temperature with Cu-Kα radiation (λ=1.5416 Å) at 40 kV and 40 mA was used. The angular velocity was 0.5º·min -1 within a 2θ range between 15º and 70º. A SEM study was carried out to characterize the surface morphology and thickness of the films using a JEOL JEM-1400 field emission scanning electron microscope (FESEM). XPS experiments were done with a VG-Microtech Multilab 3000 spectrometer equipped with a monochromatic Al-Kα source (1486.6 eV), operating at 15 kV and 10 mA. The optical properties of the films were studied by solid-state UV-Vis spectroscopy, using a Shimadzu, UV-2401 PC spectrophotometer equipped with an integrating sphere. 8 The UV-visible spectral data for the annealed films coated on transparent FTO conducting substrates were recorded in the absorbance mode. and which are characteristic of Bi 3+ species [61] . The V 2p XPS spectrum (Fig. 1e) exhibits two peaks at binding energies of 516.5 and 524.0 eV, corresponding to the V 2p3/2 and V 2p1/2 peaks. This characteristic spin-orbit splitting confirms the presence of V 5+ in the sample [61] .
The pristine BiVO4 films spin-coated on FTO glass substrates were investigated for the water photooxidation reaction using aqueous 0.5 M Na2SO4 (pH = 5.44) as a working electrolyte. First, the electrochemical characterization was done in the dark. As observed in Fig. 2a , the electrochemical response exhibits the existence of small capacitive currents over a wide potential range.
The linear scan voltammogram in Fig. 2b recorded under transient illumination is characterized by the existence of very small dark currents (in agreement with the cyclic voltammogram shown in Fig. 2a) together with anodic photocurrents. These results are thus indicative of water oxidation by the photogenerated holes in the valence band of the BiVO4 thin film electrodes, with the corresponding collection of photo-excited electrons at the conducting substrate. The photocurrent, whose magnitude increases with the applied potential in positive direction, indicates an n-type character for the prepared semiconductor 9 film, and it is remarkably stable. The onset potential is located below 0.0 V (vs. Ag/AgCl), which is in agreement with several values found in the literature [23] [24] [25] . Interestingly, the shape of the transients shows clear signs of hole trapping at the electrode surface with the appearance of anodic spikes upon illumination. This behavior is due to electron-hole recombination. Although initially the separation of the photogenerated charges takes place, holes are trapped at the electrode surface, thus favoring recombination. In fact, hole trapping at the surface is one of the factors limiting the performance of this electrode material.
The n-type character of the as-prepared BiVO4 electrodes was confirmed by constructing MottSchottky plots (Fig. S2) 3b and 3c, respectively. From them, it can be deduced that doping does not induce any significant alteration in the topographical and morphological characteristics of the synthesized thin films. The dopants were also studied by XPS. In the La 3d spectrum (Fig. 3d) of the corresponding doping films, the presence of a peak at a binding energy of 834.3 eV, which corresponds to the La 3d5/2 signal, indicates the existence of La 3+ species in the studied samples [66] . The Ce 3d XPS spectrum (Fig. 3e) Ce 3+ species in the outer region of the thin film electrodes [67] . These XPS analysis also allow us to determine the atomic percentage of dopant element existing in the samples, which is 0.20 at% for La and 0.37 at% for Ce. They are lower than those in the precursor solutions (1 and 2 at%, respectively). This apparent discrepancy can be attributed to the inhomogeneous distribution of dopant atoms through the BiVO4 structure. Such a difference is often observed in metal-doped semiconductors [68] .
To study the doping effects on the PEC water oxidation process, cyclic voltammograms in the dark and linear scan voltammograms under transient illumination for the La (1 at%)-and Ce (2 at%)-doped BiVO4 electrodes were recorded. Doping with La and Ce does not induce major changes in the voltammetric response of the BiVO4 electrodes in the dark (Fig. 4a and 4b) . Only a slight increase in the capacitance and in the electrocatalytic activity toward the generation of oxygen is observed. More importantly enhancements of the photocurrent by factors of 2.3 and 4.0 after La and Ce doping, respectively, can be deduced (Fig. 4c and 4d) . The photocurrent onset of the La-and Ce-doped BiVO4 photoanodes is very close to that of the undoped electrodes. In addition, there is no saturation in the photocurrents observed for La-and Ce-doped BiVO4 photoanodes in the potential range between 0.0 and 11 1.0 V (vs. Ag/AgCl), indicating the existence of significant recombination for low band bending, probably resulting from kinetic limitations in interfacial charge transfer.
Whereas the low electrical conductivity of the pristine BiVO4 could be responsible for its modest performance, the observed enhanced PEC activity of doped BiVO4 can be attributed to the isomorphic substitution of Bi 3+ by guest La 3+ and Ce 3+ /Ce 4+ ions. These dopants could alter the band structure of the material, giving rise to an enhanced PEC activity. There also exists the possibility that ultrathin films of lanthanum and cerium oxide are formed on the BiVO4 surface passivating surface states linked to recombination. Furthermore, Ce 3+ species could also be considered as electron donors energetically located in the bandgap of the host semiconductor, not effective for charge recombination. In such a way, the introduction of Ce ions would increase the majority charge carrier concentration, resulting in additional electron conductivity (n-type conductivity) of the BiVO4, which is beneficial for improving the PEC performance of the doped semiconductor photoanodes.
To analyze the effect of introducing dopants on both the majority carrier density and the electrode flat band potential, Mott-Schottky plots for La (1 at%)-and Ce (2 at%)-doped BiVO4 electrodes were recorded (Fig. 5) . The flat band potential for both La-and Ce-doped BiVO4 shifts to more negative potential values with respect to the flat band potential of the undoped BiVO4, which is desirable in the case of photoanodes. This has several implications, being the most relevant for practical purposes that it makes feasible to combine BiVO4 photoanodes with a larger number of photocathodes without the need of applying an external bias to achieve water photoelectrolysis. On the other hand, doping leads to an increased concentration of charge carriers in the dark. For La (1 at%) and Ce (2 at%) doped BiVO4 electrodes, a similar carrier density can be calculated, which basically corresponds to twice the BiVO4 charge carrier density (see Table S1 ). In order to clarify the role of Au nanoparticles in the improvement of the BiVO4 photoresponse, Fig.   8 shows a comparison between the photoaction and UV-vis absorption spectra for BiVO4/Au, La (1, at%)-BiVO4/Au and Ce (2, at%)-BiVO4/Au electrodes. In all cases, the photocurrent action spectra for the different electrodes are related to the absorption spectra, except for the contribution of the Au nanoparticles to the absorption spectra (absorption peak at around 580-590 nm). This indicates that the plasmonic excitation of the Au nanoparticles does not lead to PEC activity [37] . Thus, the improvement in the PEC performance can be explained by assuming that the Au nanoparticles exclusively act as cocatalyst, enhancing hole transfer from the BiVO4 to the electrolyte and diminishing recombination [54] . The fact that Au plasmonic excitation does not lead to electron injection in BiVO4 is probably related to the high energy location of the conduction band edge. 13 
CONCLUSIONS.
In summary, we have shown that BiVO4 thin film electrodes prepared by layer-by-layer coating over conducting glass substrates by a modified metal-organic precursor decomposition (MOD) method, followed by a heat treatment, behave as efficient photoanodes for water oxidation. Cyclic and linear scan voltammograms in the dark and under illumination, respectively, have been recorded to obtain insights into the photoactivity of the as-fabricated thin films. This electrode material has displayed a remarkable photoresponse, and two different strategies have been employed to enhance its performance. First, doping BiVO4 with La (1 at%) and Ce (2 at%) increases the photocurrent associated to water photooxidation (by factors of 2.3 and 4.0, respectively). This enhancement has been attributed to the fact that La (III) and Ce (III) modify the band structure of BiVO4 and probably contribute to the passivation of deleterious surface states. In addition, Ce 3+ species could be considered as shallow level electron donors located in the bandgap. As demonstrated by means of Mott-Shottky plots, the introduction of these ions increases the majority charge carrier concentration, resulting in enhanced electron conductivity (n-type conductivity) of the BiVO4, which is beneficial for improving the PEC performance. It is worth noting that these dopants also trigger a 0.2-V shift of the flat band potential toward more negative values, which could be justified by considering the possibility that surface lanthanum and cerium oxygenated species yield a more negatively charged electrode surface. In addition, both pristine and doped electrodes can be subsequently modified with gold nanoparticles, inducing a further enhancement of the electrode photoactivity in all cases, indicating that charge transfer to the electrolyte is improved. These gold nanoparticles are supposed to both improve charge separation and act as a co-catalyst. The modified electrodes reported in this work have the potential to be combined with different cathodes and photocathodes, paving the way for the design of bias-free water splitting devices. 
